A contiguous 111,402-nucleotlde sequence corresponding to the 0 to 2.4 mln region of the E.coll chromosome was determined as a first step to complete structural analysis of the genome. The resulting sequence was used to predict open reading frames and to search for sequence similarity against the PIR protein database. A number of novel genes were found whose predicted protein sequences showed significant homology with known proteins from various organisms, including several clusters of genes similar to those involved in fatty acid metabolism in bacteria (e. g., betT, balF) and higher organisms, iron transport (sfuA, B, C) in Serratla marcescens, and symbiotic nitrogen fixation or electron transport (flxA, B, C, X) in Azorhlzoblum caullnodans. In addition, several genes and IS elements that had been mapped but not sequenced (e. g., leuA, B, C, D) were identified. We estimate that about 90 genes are represented In this region of the chromosome with little spacer.
INTRODUCTION
The knowledge of complete nucleotide sequence of the entire genome of a given organism is undoubtedly of an enormous value contributing to, and indispensable for, deeper understanding of the biological phenomena in numerous spheres. The ultimate goal may be deciphering the complete sequence of the human genome, but as a stepping stone and a model, the Escherichia coli genome is no doubt one of the ideal subjects for such an endeavor.
The genome of E.coli K-12 contains more than 1,400 identified genes (1) and consists of a DNA molecule of 4,700 kb (2) . Whereas great many sequence data have accumulated in the past which amounted to at least 32% of the genome (3, 4) , much efforts (experiments and data compilation) are required for achievement of the complete analysis. Such efforts are important to gain further insight into the structural and functional organization and evolution of the genome. Bearing these in mind, we have initiated systematic sequencing of the E.coli genome, starting from 0 min, using the ordered X phage clones constructed by Kohara et al. (2) . Here we report the complete sequence of 111,402 nucleotides spanning from 0 to 2.4 min of the E.coli chromosome (accession number: D10483).
EXPERIMENTAL

Phage clones
Lambda phage clones used were from the mini-set Kohara clones (2) and include: # 101 (9E4), # 102 (6H3), # 103 (22B12), # 104 (2F7), # 106 (8D2) and # 108 (8H11).
Determination of the nucleotide sequence
An initial survey of the literature and DNA databases permitted us to localize the chromosomal segments that had not previously been sequenced. Specific X clones were chosen to obtain six separate DNA segments. After subcloning their fragments into an appropriate plasmid or M13 phage vectors and generating appropriate deletion derivatives, their nucleotide sequences were determined by the dideoxy chain termination method (5) using automated DNA sequencers. The sequencing was performed for both strands to ensure high accuracy.
Computer analysis of the sequence data
Open reading frames (orf s) were predicted by using the program ODEN developped by Ina (6) . Search for sequence homology was carried out using the algorism of Lipman and Pearson (7, 8) and the PIR (Protein Identification Resources) database (Release 30).
RESULTS AND DISCUSSION
Construction of the contiguous nucleotide sequence
After sequencing the six X clones, new sequence data which amounted to 45 kb were assembled with preexisting sequences in the DNA databases into a contiguous sequence of 111,402 bp (Fig. 1) . Relevant sequence data from the GenBank (Release 69) and EMBL databases (Release 28) were first assembled with one another on the basis of overlapping sequences. When two or more data entries existed for a given region, longer sequences were generally adopted; if there were discrepancies in the overlapping Table 1 ). Broken arrows ( ""> ) indicate a pair of neighboring orf s on the basis or sequence data alone but may represent single genes on the basis of homology analysis (see text). Novel orf s that showed homology scores of more than 100 (optimized) with one or more proteins are presented. The nucleotide number of the first codon (a) was counted from the A of the initiation codon (ATG) of thrA, clockwise along the ELcoli genetic map. The maximum number (b) of contiguous sense codons, namely, the number of sense codons spanned by two adjacent nonsense codons, and the plausible number (c) of sense codons counted from the first ATG codon are indicated. Gene symbols (d) of E.coli or other organisms together with PIR entries (e) of the highest homology scores are shown. Asterisks (*) before the entry names indicate the GenBank entries of DNA sequence that were used to detect homology in deduced amino acid sequence.
data, the 5' and/or 3' ends of the sequence were avoided as much as possible to minimize errors due to inclusion of vector sequences. Figure 1 indicates the individual entry names and accession numbers used as well as the regions whose sequence was determined in this study.
Prediction of possible open reading frames (orfs)
The 111.4 kb contiguous sequence data were then used to predict possible orfs. Orfs containing 75 or more consecutive sense codons were searched in 3 phases for both orientations by the computer program ODEN (6), with which detection of possible sequence errors was facilitated: orfs that were interrupted by an apparently emomeous nonsense codon could be picked up and corrected during subsequent analysis for sequence homology (see below). The orfs thus predicted in the newly sequenced regions together with known genes are illustrated in Fig. 2 . All possible orfs except for those overlapping with known genes and putative genes were numbered, starting from the thrA gene and extending clockwise along the E.coli genetic map. The size of orfs was indicated as the 'maximum' numbers of codons in order not to exclude possible orfs with initiation codons other than ATG. The 'plausible' number of codons counted from the first ATG codon was also employed to indicate the plausible size of proteins that may be encoded (see Table 1 ).
Search for sequence similarity to known protein sequences
The whole set of 461 orfs was subjected to search for sequence similarity against the PIR database (Release 30) using the FASTA program (7, 8) . (A list of 461 orfs in a computer readable form is available upon request.) A number of putative genes and orfs were found to exhibit significant degrees of homology with one or more of the known proteins from various organisms ( Table  1) . Among the genes that had been mapped but not sequenced a cluster of four genes (UuA, B, C, D) , required for leucine biosynthesis, was identified at 78.5-83.3 kb (orf s 105-108), on the basis of a very high homology (53-92% identity) with the corresponding leu genes of Salmonella typhimurium (9) (10) (11) and Bacillus coagulans (12) . Two insertion elements one homologous to IS 186 (13) and a copy of IS1 previously mapped in this region (14) were located at 15.0 kb and 19.5 kb, respectively. In addition, a number of putative genes were found whose products exhibited significant sequence similarity with known proteins as described below.
Putative genes predicted by homology analysis An analogue oibetT, mapped at min 7.5 on the E.coli genetic map and involved in choUne transport (1) , was found at 41.6 kb (orf60). Downstream of the tor analogue are present at least 4 putative genes (orf s 54-59) whose products show significant homology with bacterial and mammalian enzymes involved in the metabolism of fatty acids and other lipophilic compounds. Two overlapping orf s 54 and 55 also exhibited modest homology with a mitochondrial enzyme, enoyl-CoA hydratase (15) . Similarly, a pair of orf s 57 and 58 showed homology with a bile acid inducible protein (BaiF) of Eubacterium sp (16) . Although the two overlapping orf s could in each case encode functionally related but separate proteins, an alternative explanation is that a fortuitous sequence error separated a single orf into two. Another cluster of orfs 61-64 exhibited fairly high homology (and the same order) with a group of genes (JixA, B, C, X) required for symbiotic nitrogen fixation, possibly involved in electron transport, in Azorhizpbium caulinodans (17) . Significant homology was also found between three adjacent orfs 100-102 and the gene cluster (sfuA, B, Q of Serratia marcescens involved in periplasmic-binding-protein-dependent iron transport (18) , suggesting that they might form a single operon. Finally, a pair of orfs 9 and 10 were found to exhibit very high homology scores with the transaldolase of Saccharomyces cerevisiae (19) , suggesting that they might represent a single gene with similar function in E.coli. The physiological significance of all these genes, however, remains unknown.
Estimated numbers of genes and orfs
In spite of the limited information available, an approximate number of genes and orfs present in this region of the chromosome could be estimated. The number of known genes and orfs in the previously sequenced regions is 57. By using the present sequence data, we have predicted the nature of at least 26 orfs on the basis of similarity of protein sequence (Table  1 ). In addition, 10 other orfs could be considered as likely candidates for functional genes. The relationship between these newly found orfs and the genes which have already been mapped in this region but not assigned to specific orfs (1) remain to be investigated. We thus estimate that approximately 90 genes including those encoded by IS elements may be represented. In line with the previous expectation (1, 2) , the agreement between the genetic map and the physical order and distance among the known genes is in general excellent. It is also noteworthy that the region is fully occupied by the genes and orfs with little spacer.
Future prospects
Having the present contiguous sequence data at hand, we anticipate that functional analysis of orfs by various techniques including the use of mini-transposon (TnSsupF) (20) for isolation of null mutants, will provide further insights into the structure and function of the genes located in this region of the chromosome.
As to prospects of systematic sequencing of the entire genome, the results reported here are encouraging and warrant continuing efforts. Further sequencing of the adjacent region (2.4-7 min) is currently under way. Besides, sequencing from the terC region (at ca. 34 min counter-clock-wise toward 0 min) is being carried out by K. Isono and his associates at Kobe University. With further coordination of efforts world-wide, proper supports, and strategic and technological improvements, the complete sequence of the E.coli genome should be forth-coming in the near future.
